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The virtually unlimited versatility and unparalleled level of control in the design of metal-organic frameworks 
(MOFs) has recently been shown to also carry a potential for applications based on the electrical and electronic 
properties of this rich class of materials. Since at present methods to provide reliable and reproducible contacts to MOF-
materials are scarce, we have carried out a detailed, multi-technique investigation of an empty and loaded prototype 
MOF, HKUST-1. Epitaxial thin films of this material grown on a substrate using liquid-phase epitaxy have been studied 
by cyclic voltammetry (CV), atomic force microscopy (AFM), and quartz crystal microbalance (QCM), and their quality 
assessed. By using an ionic liquid (IL) as electrolyte it is shown that redox active molecules like ferrocene can be 
embedded in the pores, enabling to change the overall conductivity of the framework and to study the redox-chemistry 
of guest molecules inside the MOF. 
Porous metal-organic frameworks (MOFs), also referred to as porous coordination polymers (PCP), are 
crystalline hybrid materials formed by metal nodes and organic linkers held together by coordination bonds.[1] 
The possibility to tailor their functionality either by the rational design of the organic ligands[2] or by filling the 
framework’s pores with functional nano-objects[3] provides the basis for the continuously widening field of 
applications of MOFs,[4] with electronics[5] and batteries[6] as rather recent extensions. Using electroactive 
molecules[7] as linkers between the metal nodes or by doping the nanopores with electroactive guests,[3a,8] MOFs 
are indeed extremely appealing materials for electronics and implementation in so-called MOFtronic devices.[9] 
Although a huge potential is seen for MOFs in the field of electronics and also photovoltaics[10] the prediction and 
understanding of the electronic and electric properties are still in their incipiency due to the very limited number 
of studies reported so far.[11] A major reason, which is also a bottleneck for the actual integration of MOFs into a 
device, is represented by the fabrication of supported MOF thin films exhibiting the reproducible quality as 
regards their intrinsic properties like conductivity and the diffusion constant governing the loading with host 
molecules.[12]  
 Several strategies have been developed for fabricating MOFs as thin films.[13] Among these, the liquid 
phase epitaxy (LPE)[13a,e-h] appears as one of the most appropriate preparation methods to meet the 
requirements for electronic applications of MOFs. Through a stepwise growth of the MOF on a self-assembled 
monolayer (SAM) whose chemical functionality and/or packing density can be tailored at will,[14] continuous 
crystalline layers on a surface are obtained, referred to as SURMOFs (surface- anchored metal-organic 
framework). The functionalization of the supporting substrate, the choice of the growth method and the number 
of growth cycles allows for a precise control over the film thickness and the crystallographic orientation of the 
MOF thin film.[13a] In addition, the LPE process allows the fabrication of hetero-multilayers in a straightforward 
fashion.[15] For the device applications of MOFs, the following topics are of paramount interest: firstly, the 
preparation of robustly surface-anchored and defect-free thin films covering extended areas on the order of cm2; 
secondly, the identification of the most suitable techniques to characterize and monitor them. Indeed, the most 
widely used SURMOF characterization techniques (X-ray diffraction, XRD, and infrared reflection absorption 
spectroscopy, IRRAS) allow only for the determination of the long-range crystalline order of MOF thin films and 
their chemical composition, respectively. However these methods are not very sensitive to the presence of 
pinholes and other structural defects that could unpredictably alter the electrical properties of the SURMOF film 
when attaching a top electrode. Imaging techniques, such as atomic force microscopy (AFM), allows the 
observation of the surface, the determination of the film roughness and, eventually, the presence of defects, but 
only within a small (µm2) area. [16] To gain insight into defect densities on a mm2 or even cm2 area AFM 
measurements alone become extremely time-consuming.  
 Herein we will present cyclic voltammetry (CV), in combination with AFM, as a fast method to determine 
the quality of SURMOF films used as working electrodes in a home-made electrochemical cell with platinum 
wires as counter and reference electrodes (see Figure S1 in Supporting Information (SI)). Eventually, we will also 
show the suitability of cyclic voltammetry as characterization technique for SURMOF films loaded with a small 
electroactive molecule, ferrocene, and demonstrate how important information on the conduction mechanism can 
be deduced from the shape of the cyclic voltammogram.  
 
Figure 1. Schematic representation of the use of SURMOF as working electrodes in an electrochemical cell. a) Side view of HKUST-1 
crystal structure grown along the [111] direction on a CMMT SAM. In red, oxygen; in blue, copper; in black, carbon. b) Schematic 
representation of the electrochemical cell. c) Molecular formula of the used ionic liquid (IL) and of ferrocene.  
 We have investigated the surface-anchored porous and crystalline HKUST-1 (also called Cu3(BTC)2, 
where BTC is 1,3,5-benzenetricarboxylic acid)[17] grown by LPE on a gold electrode modified with a SAM.  
 In going beyond previous work reported by some of us[8a] we have studied different types of SAMs to 
initiate the MOF-growth. More specifically, CMMT (9-carboxy-10-(mercaptomethyl)triptycine, SAM1), and TPMTA 
(4'-carboxyterphenyl-4-methanethiol, SAM2) were chosen to functionalize the supporting Au-substrate. In both 
cases crystalline and oriented films (herein named SAM1/MOF, and SAM2/MOF, respectively) of different 
crystallographic orientation were obtained.[14] Figure 1a shows the case of SAM1/MOF HKUST-1 crystalline films 
with the [111] direction parallel to the surface normal.  
The electrochemical measurements were carried out in an aprotic ionic liquid (IL), 1-butyl-3-methylimidazolinium 
bis(trifluoronethylsulfonyl)-imide, [BMIM][NTf2] (Figure 1c), acting as solvent and supporting electrolyte. The ionic 
components of this IL do not interfere with the coordination bonds in the HKUST-1 SURMOF and preserve it 
from losing its crystalline structure (see Figure S2 in SI). Moreover, as several other known ionic liquids,[18] the 
used [BMIM][NTf2] is a good supporting electrolyte for a) its electrochemical inertness (i.e. its wide potential 
window, larger than the one of the electroactive species under study) and b) its high conductivity.  
 Of course, the supporting electrolyte in the specific case of a cyclic voltammetry experiment has to be 
able to penetrate and diffuse in the pores of the SURMOF HKUST-1. Due to the rather small size of the 
[BMIM][NTf2], it is reasonable to assume that it will diffuse inside the pores of the SURMOF. Nevertheless, since 
this is a crucial point, we used a quartz crystal microbalance (QCM)[12, 19] to determine the total uptake of the 
ionic liquid.  
 In a QCM experiment, the changes in resonance frequency of an oscillating sensor crystal are 
monitored in real time. Thanks to the relationship between resonance frequency shift and adsorbed/trapped 
mass, information on the amount of material deposited on sensor can be calculated.  
 A straightforward experiment to investigate the uptake of a guest molecule by a SURMOF-coated QCM 
sensor consists of letting a solvent (such as ethanol) flow over the QCM sensor and then exchanging it with the 
solution of the guest molecule whose uptake by the SURMOFs is to be studied (ferrocene in IL, in the specific 
case). In the case of IL, however, this is not feasible in the way described above: changes in frequency 
measured by QCM are very sensitive to variations in the viscosity[20] and the IL used has a much higher 
viscosity and density[18, 21] than the ethanol. Indeed, when the sample was exposed to the IL solution, the 
mass changes recorded by the QCM could not be unambiguously ascribed to the IL uptake.  
 Therefore, in order to investigate whether there is an IL uptake by the HKUST-1 SURMOF, we 
proceeded as follows: first, the sample was activated under argon gas flow at 60° for at least 6 hours. Then, pure 
liquid ethanol (EtOH) was flowed through the activated SURMOF HKUST-1 (Figure 2, red part). After 150 
minutes, the surface was exposed to the IL/EtOH (96:4, volume ratio) solution. When the solvent was exchanged 
from EtOH to IL/EtOH (Figure 2, green part), an increase of the SURMOF mass of 22 µg/cm2 was calculated 
using the Sauerbrey equation,[22] which is a hint that IL diffuses into the SURMOF. It is important to stress, that 
the Sauerbrey equation is only correct under the assumption of a thin film approximated as rigid and for which 
the energy dissipation can be neglected. In the experiments here presented, however, by moving from gas to 
liquid phase (and vice versa) we significantly change the viscosity of the environment in contact with the sensing 
crystal, and hence we record a rather high dissipation change (data not shown). This means the determined 
values of mass changes (Fig. 2), calculated from the frequency changes, serve only as rough estimation of mass 
uptake. 
 
 
 
 
 
 
 
 
 
 
Figure 2. Ionic liquid uptake by HKUST-1 SURMOF measured by QCM. The shift in resonance frequency is plotted on the left y-axis, 
while the corresponding calculated mass change, estimated by the Sauerbrey equation, is plotted on the right y-axis.  
When the argon is switched on, we experimentally observe a small change in frequency that 
corresponds to a calculated mass increase of about 4 µg cm-2. A possible reason for the change in the 
resonance frequency and hence the associated mass increase is the following, according to the authors’ opinion: 
as soon as the argon is switched on, EtOH molecules forming the IL:EtOH mixture evaporate, while the IL does 
not due to its low vapor pressure. This results in an increased IL-ratio and an increased density of the mixture 
inside the QCM-cell (and then in the SURMOF). The density and viscosity of IL, higher than the ones of its 
ethanolic mixture, is believed to be responsible for the mass increase. 
 A further experiment to prove that the IL can be loaded into the pores of the SURMOFs is shown in 
Figure S3. In this case the sample, which was loaded with IL and subsequently activated at 60° in an argon flow, 
was exposed to pure EtOH for 10 min and then again activated in an argon flow. In this case, the significant 
decrease in mass caused by the purging with EtOH indicates that, during this EtOH rinsing step, the IL leaves 
the SURMOF pores and is substituted by EtOH. By activation, the EtOH-filled pores are emptied.  
 We conclude, based on these QCM experiments, that the SURMOF can be loaded with the IL and 
hence that this is a suitable solvent/supporting electrolyte system.  
 HKUST-1 SURMOFs produced on both CMMT and TPMTA SAMs modified gold substrate were 
prepared by means of the spray method[23] and characterized by IRRAS and XRD (Figures S4 and S5). 
Thereafter, the SURMOF HKUST-1 films were characterised by cyclic voltammetry employing ferrocene (Fc, see 
Figure 1c), an electroactive molecule less than 3.4 Å in size and widely used as standard in electrochemical 
investigations.[24] Using a 5 mM solution in IL/EtOH (96/4, v/v) the CVs of SURMOF HKUST-1 on either SAM1 
(Figure 3a, in black) or SAM2 (Figure 3b, in black) were recorded in the range between -0.35 V and +0.55 V (vs 
Pt). Interestingly, the CVs are rather flat and, in particular, lack any features characteristic for the 
ferrocene/ferrocenium redox couple. This observation reveals that under the conditions and time frame of this 
experiment the redox active Fc species present in the solution do not reach the metal substrate to a significant 
extent. Combining the results from cyclic voltammetry with the ones from QCM, we conclude that the ionic liquid 
diffuses into the pores of the SURMOFs and, in combination with the confined space of the framework pores, 
essentially prevents the Fc molecules from moving across the HKUST-1 layer. We would like to note at this point 
that the CVs do not exhibit any features characteristic of the presence of defects acting as 
micro/nanoelectrodes[25] which indicates that the SURMOF layer is homogeneous and free of substantial defects 
such as pinholes. How the presence of defects alters the CV is demonstrated by a sample which has been 
intentionally damaged by simply scratching across the sample (see Figure S6). The pronounced change in the 
diffusion properties is reflected by the transition from the flat CV of the pristine SURMOF layer towards the 
sigmoidal shape of a microelectrode,[25] even though its shape is distorted as the scratch produces an ill-defined 
break-up of the SURMOF layer. 
  A completely different scenario occurs if the HKUST-1 SURMOF is loaded with ferrocene from the 
vapor phase[8a, 26] after activation of the MOF by soft annealing. The successful loading was proved by XRD and 
IRRAS. Showing the vibrational fingerprint of ferrocene the latter testifies the loading of the MOF with ferrocene 
(Figure S4). In the XRD 2 scan (Figure S5), the decrease in the ratio of the (222) and (333) reflections is 
caused by the iron of the ferrocene, that is a quite strong X-ray scatterer. This also indicates the presence of the 
molecule in the framework pores. However, even more important is that the crystallinity is not adversely affected 
by the ferrocene uptake, this being crucial for the interpretation of the electrochemical data. 
Figure 3. (a) CV of SAM1/MOF (black) and SAM1/MOF-Fc (red) recorded at a scan rate of 20 mV/s. (b) (b) CV of SAM1/MOF (black) 
and SAM1/MOF-Fc (red) recorded at a scan rate of 20 mV/s. 
The cyclic voltammograms (red curves in Figure 3) are pronouncedly different from the unmodified MOF as they 
now exhibit a quasi-linear increase in current density in the measured voltage range up to a value of 40 A/cm2 
at +0.55 V at a scan rate of 20 mV/s for SAM1/MOF-Fc and analogously for SAM2/MOF. In principle, the 
difference in the CVs of the Fc loaded and unloaded SURMOF layers can be explained by two mechanisms. In 
one case the Fc/Fc+  redox reaction takes place at the MOF-metal interface and the current is mass transport 
limited due to a strongly hindered diffusion of Fc in the MOF compared to the bulk ionic liquid which would give 
rise to a grossly distorted CV. The other interpretation is a charge-hopping mechanism where the Fc molecules 
remain localised in the pores of the MOF and mediate the electron transport across the layer. In this case the 
Fc/Fc+ redox reaction takes place at the MOF-IL interface. Given that the IL loaded MOF is impermeable for Fc 
as demonstrated above and the crystallinity of the Fc loaded MOF is not differing from the unloaded one, the first 
mechanism, which has been observed for post-synthetically modified surface anchored gels,[27] is excluded. 
Furthermore, the essentially identical current density vs voltage dependencies at different scan rates (Figure S7) 
contradicts a diffusion process. Since an analogous charge-hopping mechanism was also reported for HKUST-1 
grown along the [001] direction on mercaptohexadecanoic acid (MHDA) SAM,[8a] the present finding 
demonstrates that this is a general property of this MOF structure as it is not independent on the SURMOF 
crystallographic orientation.  
Looking at the CVs of the Fc loaded MOFs (Figures 3, S7) and the mechanically damaged one (Figure 
S6) there is a significant cathodic current in the reverse scan direction which indicates that diffusion of Fc+ away 
from the MOF surface is incomplete. While the reasons for this are not established yet we tentatively explain this 
with the topography of the outer surface of the MOF which, as revealed by AFM (Figures S9/10), exhibits a 
significant roughness and graininess. Nanoscopic kinks, pockets and grooves in the near surface region would, 
therefore, cause deviations from a free diffusion. Differences in the surface morphology could also account for 
small differences between the CVs.  
 A closer look at the quasi-linear plot of the current density vs voltage shows two regimes differing in 
slope: In the anodic range (from +0.14V to +0.55V) a resistance of 45.5 kΩ can be calculated for SAM1/MOF-Fc, 
and of 63 kΩ for SAM2/MOF-Fc (from the current density vs voltage dependence at a scan rate of 20 mV/s, 
Table 1). In the cathodic range (from -0.35V to +0.14V), where the linearity of the current density vs voltage is 
less pronounced, a resistance of 236 kΩ for SAM1/MOF-Fc, and 224 kΩ for SAM2/MOF-Fc can be calculated 
(Table 1). This means that ferrocenium cations (formed in the anodic region and known to have a larger 
conductivity than neutral ferrocene)[24b] are indeed generated inside the pores as result of the charge hopping 
taking place inside the framework.[28]  
 
Table 1. Anodic and cathodic resistance and conductivity for SAM1/MOF-Fc and SAM2/MOF-Fc. As thickness, values of 70 ± 5 nm for 
SAM1/MOF-Fc and 75 ± 5 nm for SAM2/MOF-Fc have been used. 
 
     
  
The conductivity of SURMOFs HKUST-1 was calculated from the resistance values after measuring the 
sample thickness by atomic force microscopy, as presented in Figure 4. The topographic images show 
orientated crystallites of HKUST-1, likely as result of the LPE method chosen for the sample preparation. 
Nevertheless, these crystallites are sitting on top of a continuous and rather homogeneous MOF layer (see 
bottom right regions in Fig 4c and 4d and explanation of film scratching in the experimental section), confirming 
the presence of a defect free film as inferred from cyclic voltammetry experiments.  
  
 
 
 
 
  Anodic Range:
from 0.14V to 0.55V 
Cathodic Range:
from -0.35V to -0.14V 
R / kΩ σa / Scm-1 R / kΩ σc / Scm-1 
SAM1/MOF-Fc 45.5 5.1 ± 0.3 × 10-10 236 9.9 ± 0.15 × 10-11 
SAM2/MOF-Fc  63 4.0 ± 0.3 × 10-10 224 1.1 ± 0.05 × 10-10 
  
 
 
 
 
 
 
 
 
Figure 4. Topographic AFM images before (a) and after (b) local removal of the SURMOF on sample SAM1/MOF (imaging force 10 
nN). Selected images (c and d) taken during the scratching (500 nN load). Ellipses in (c) and (d) indicate the same areas of cleared 
substrate gold grains (800 nm x 800 nm). Dashed lines indicate removal front (for details see text and SI). The relief profile in (e) is along 
the line in (b) and illustrates the surface roughness and thickness of the SURMOF. 
 
The average vertical dimension of the crystallites is 20 nm and 35 nm for SAM1/MOF-Fc and 
SAM2/MOF-Fc, respectively, whereas the underlying HKUST-1-Fc films exhibits a thickness of 70 ± 5 nm for 
SAM1/MOF-Fc (see profile in Figure 4e) and 75 ± 5 nm for SAM2/MOF-Fc (Figure S11). Using the thickness of 
the homogeneous SURMOF layer as determined by AFM and the electrochemical cell area, the calculated 
conductivity values () at room temperature for each range result in a = 5.1 ± 0.3 × 10-10 Scm-1 and in c = 9.9 
± 0.15 × 10-11 Scm-1 for the anodic and cathodic ranges for SAM1/MOF-Fc, respectively (Table 1). The 
corresponding values for SAM2/MOF-Fc are a = 4.0 ± 0.3 × 10-10 Scm-1 and c = 1.1 ± 0.05 × 10-10 Scm-1 
(Table 1). These conductivities are somewhat lower than the ones provided in our previous report.[8a] These 
differences are attributed to variations in sample quality. Note that these conductivity values are a lower limit as 
only the homogenous and continuous HKUST-1 layers are considered. Indeed, contributions from the on top 
grown crystallites can also be considered. For the sake of simplicity, we take into account only the mean vertical 
size of the crystallites (20 nm and 35 nm for SAM1/MOF and SAM2/MOF, respectively) and not their 
contribution to the increase in surface area: by doing that an upper value of conductivity a = 6.6 × 10-10 Scm-1 
and a = 5.8 × 10-10 Scm-1, respectively, is obtained. These values are in good agreement with electric 
conductivity values measured for the SAM1/MOF-Fc films upon their integration in a Hg-based tunneling 
junction[29]. 
 In conclusion, we have demonstrated that the spray based LPE method is suitable to produce 
crystalline and defect free films of HKUST-1 on different SAMs and that the film quality is independent on 
crystallographic orientation of the film. In combination with other characterisation techniques, it is shown that by 
means of cyclic voltammetry the presence of defects or pinholes can be determined for SURMOFs covering 
macroscopic areas in a fast and straightforward fashion. Additionally, by means of cyclic voltammetry, we have 
also been able to gain further insight into the electronic properties of SURMOF HKUST-1 loaded with ferrocene. 
When ferrocene molecules are embedded inside the HKUST-1 pores, they are involved in a charge hopping 
mechanism that leads to a reversible ferrocene-ferrocenium redox process that takes place along the pores-
immobilized guests and eventually triggers the oxidation of ferrocene electrolyte at the IL/MOF interface.  
 Following the presented strategy, electrochemical characterization of other SURMOFs with ferrocene 
and other electroactive molecules is in progress and will help us to shed light on the relation between SURMOF 
crystalline orientation and pore size, morphology and lateral homogeneity, and their electrochemical behaviour. 
In addition, we plan to carry out further experiments to elucidate the role of the used supporting electrolyte as 
well as of the electroactive guests immobilised in the SURMOF. 
  
Experimental Section 
SAM Preparation  
SAMs were formed on gold substrates (100 nm of Au on Si substrate, with a 5 nm Ti adhesion layer; purchased 
from Georg Albert PVD) or on QCM sensors (Au coated, purchased from LOT-ORIEL) by immersion into 
solutions of CMMT (9-carboxy-10-(mercaptomethyl) triptycene) and TPMTA (4'-carboxyterphenyl-4-
methanethiol), as described in the literature.[14]  
Preparation of SURMOF HKUST-1 and characterization by means of out-of-plane XRD and IRRAS  
The HKUST-1 SURMOFs on CMMT and TPMTA, SAM1/MOF and SAM2/MOF, respectively, were prepared in a 
stepwise fashion using the spray method (copper acetate mono-hydrate, 1 mM in ethanol; 1,3,5-
benzenetricarboxylic acid, 0.1 mM in ethanol; both purchased from Sigma Aldrich and used without further 
purification). This method[23] is a modification of the well described LPE[13g] method that drastically reduces the 
time needed for sample preparation, without affecting neither the crystallinity nor the definition of the 
crystallographic orientation. Indeed, out-of-plane XRD (Bruker D8-Advance diffractometer) patterns show a good 
crystallographic orientation for SAM1/MOF (Figure S5a) and a less pronounced orientation for SAM2/MOF 
(Figure S5b). The loading with ferrocene (Fc, from Sigma Aldrich and used without further purification) was done 
by exposure of SAM1/MOF and SAM2/MOF to Fc vapours in a sealed vial[8a] for a time of typically 64 h after 
activation of the samples (20 minutes at 60 °C) in a vacuum oven which removes residual solvent molecules 
trapped in the pores. The resulting Fc loaded samples, named herein SAM1/MOF-Fc and SAM2/MOF-Fc 
respectively, were characterized by IRRAS and out-of-plane XRD (Figures S4 and S5, in red).  
Quartz Crystal Microbalance 
A quartz crystal microbalance (QCM, of type E4 from Q-Sense) was used for quantifying the IL uptake by the 
SURMOF. The solutions were pumped at a flow rate of 0.5 ml/min through the QCM cell; the argon flow rate was 
100 ml/min. The loading experiments as well as the activation in argon were performed at a temperature of 60°C. 
Electrochemical measurements 
Cyclic voltammetry (CV) was carried out in a home-built electrochemical cell using a standard three electrode 
set-up, with reference (placed in a Luggin capillary) and counter electrodes made from platinum wires (diameter 
0.25 mm, Advent Research Materials Ltd). The area of the working electrode was 0.3 cm2. Measurements of 
SAM1, SAM1/MOF, SAM1/MOF-Fc, SAM2, SAM2/MOF, SAM2/MOF-Fc were done under continuous argon 
flow. A PalmSens potentiostat was used. As supporting electrolyte, the aprotic ionic liquid (IL) 1-butyl-3-
methylimidazolinium bis(trifluoronethylsulfonyl)-imide ([BMIM][NTf2]) from io-li-tec, (structure presented in Figure 
1(c)), was chosen and ferrocene (5 mM) was dissolved by adding a small amount of ethanol (4/96 
EtOH/[BMIM][NTf2]). CVs were acquired by exposing the sample to the solution of ferrocene (Figure 1c) in 
[BMIM][NTf2]. The potential window was kept constant for all the experiments (from -0.35 to +0.55 V vs Pt) while 
the scan rate was varied (20 mV/s, 50 mV/s, 100 mV/s). After the electrochemical experiments the samples were 
routinely checked by XRD, and no loss in in the crystalline structure of the SURMOF could be observed (see 
Figure S2). 
Atomic force microscopy measurements 
As done previously for similar systems, the thickness of the samples after ferrocene loading was accurately 
determined by atomic force microscopy (AFM) employing the scratching method.[16b] The AFM images (Figure 
4 and Figure S10) clearly show on both template surfaces SAM1 and SAM2 the presence of oriented crystallites 
of HKUST-1. As seen in Figure 4a for SAM1/MOF-Fc, though randomly distributed in azimuth, the crystallites 
exhibit a flat top surface with a clear triangular shape indicative of a (111) orientation, in agreement with the XRD 
data shown in Figure S5. Details of the morphology and orientation of the crystallites for SAM2/MOF are shown 
in Figure S10. Scratching experiments (details in SI) were performed on the very same surface region (see 
Figure 4b) to remove the grown MOF until the underlying gold substrate is completely uncovered (Figure 4, and 
Figures S10-S11). Figure 4c and 4d correspond to images taken at the central part of the region in 4b during the 
scratching and serve to illustrate the process. The small grains of the underlying gold substrate are clearly 
recognized in the cleared areas. To be used as a reference, the same gold grains have been circled in both 
images and a dashed line has been drawn in each image to mark the material removal front. Note the movement 
of the front between 4c and 4d. The AFM measurements were performed under low humidity conditions (<5 % 
RH, obtained by a continuous N2 flux) using a commercial head and electronics from Nanotec.[30] Si probes 
from Nanosensors with an intermediate spring constant (k = 2.8 N/m) were used. The imaging force was set to 
below 10 nN while a force in the range of 400-700 nN was applied to remove the MOF (see SI for more details). 
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